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In addition to meiotic recombination, MRE11, RAD50,Summary
and XRS2 have been known to participate in repair of
DSBs formed by various factors, such as ionizing radia-Meiotic recombination of S. cerevisiae contains two
temporally coupled processes, formation and pro- tion and endonucleases (Haber, 1992; Moore and Haber,
1996; Schiestl et al., 1994; Tsukamoto et al., 1997; Tsu-cessing of double-strand breaks (DSBs). Mre11 forms
a complex with Rad50 and Xrs2, acting as the binding bouchi and Ogawa, 1998). These DSBs are repaired either
by recombination between homologous sequences orcore, and participates in DSB processing. Although
these proteins are also involved in DSB formation, by joining of molecular ends (for reviews, Shinohara and
Ogawa, 1995; Tsukamoto and Ikeda, 1998).Mre11 is not necessarily holding them. The C-terminal
region of Mre11 is required only for DSB formation Some yeast proteins that participate in formation and
processing of DSBs as well as in repair of DNA damageand binds to some meiotic proteins. The N-terminal
half specifies nuclease activities that are collectively may carry out these reactions by forming protein com-
plexes. In fact, binding between Mre11 and Rad50 orrequired for DSB processing. Mre11 has a DNA-bind-
ing site for DSB formation and another site for DSB Xrs2 was shown by the two-hybrid assay (Johzuka and
Ogawa, 1995). If these proteins work in a complex, prop-processing. It has two regions to bind to Rad50. Mre11
repairs methyl methanesulfonate±induced DSBs by re- erties of cells should be affected by formation of the
complex and properties of its components. Therefore,actions that require the nuclease activities and those
that do not. we examined formation of the complexes in the wild-
type and various mutant cells and properties of purified
components of these complexes.
Introduction In this report, we show that Mre11 participates in
formation of two types of complexes with other proteins,
In yeast Saccharomyces cerevisiae the biochemical pro- one for DSB formation and the other for DSB processing.
cess of recombination begins by formation of double- Mre11 has ssDNA endonuclease, 39-to-59 ssDNA exo-
strand breaks (DSBs) in the DNA. Then, one of the nuclease, and 39-to-59 dsDNA exonuclease activities,
strands at the break site is recessed, producing a tail which are collectively involved in processing of DSB
of single-stranded extension. The tail is used to search ends. The present study reveals a remarkable multifunc-
for the complementary sequence in a partner and to tional property of Mre11 that is expressed alone and in
promote pairing with it. While extensive genetic knowl- collaboration with different proteins. Multiple regions of
edge on these reactions has accumulated, little is known the protein to bind to DNA and to Rad50 should contrib-
on how gene products cooperate to perform the tempo- ute to the functional versatility of the protein.
rally and spatially coupled reactions and on how each
gene product plays its role in these reactions.
ResultsNine known genes, including MRE11, RAD50, XRS2,
MER2, and SPO11, participate in formation of DSBs (for
Complex Formation of Mre11 with Rad50 and Xrs2a review, see Roeder, 1997). The cleavage yields DNA
Binding of Mre11 to Rad50 and Xrs2 was examinedends having blunt ends (de Massy et al., 1995) or 59
by immunoprecipitation with anti-Mre11 antibody. Anoverhangs of two nucleotides to which protein is attached
extract from wild-type haploid cells in the log-phase(Liu et al., 1995). Spo11, a putative topoisomerase II±like
was treated with anti-Mre11 polyclonal guinea pig (GP)transesterase that attaches at the 59 end at a DSB site
antibody bound to protein A Sepharose. The Westernis thought to catalyze DSB formation (Bergerat et al., 1997;
blotting of the immunoprecipitate following SDS-PAGE
showed the band of Mre11, Rad50, or Xrs2 that was
³ To whom correspondence should be addressed (e-mail: tsuohta@ separated from bands of other materials that reacted
lab.nig.ac.jp).
to each antibody (Figure 1A). While Mre11 and Rad50§ These authors contributed equally to this work.
formed single bands, Xrs2 gave two bands that were‖ Present address: Iwate College of Nursing, Ohgama, Takizawa,
Iwate 020-0151, Japan. converged to a single band by the acid phosphatase
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Figure 1. Coimmunoprecipitation of Mre11,
Rad50, and Xrs2
Western blot analyses of immunoprecipitates
from extracts made from 2 3 109 cells of vari-
ous strains as indicated above each panel.
The precipitates were fractionated by 7%
SDS-PAGE. (A) The anti-Mre11 precipitates.
Except for the extract from wild-type (WT)
cells at 2.5 hr in meiosis, others are mitotic
extracts. (B) The anti-Xrs2 precipitates. (C)
The anti-Xrs2 precipitates from 4.4 mg of pro-
teins extracted from the two strains. (D) SDS-
PAGE of 60 mg of proteins from the above
extracts. (E) The anti-Xrs2 precipitates from
cells at 2 hr in meiosis. The antibodies used
in Western blotting are shown at the bottom
(A and B) or the left side (C±E) of each panel.
Positions of Rad50, Xrs2, and Mre11 on 7%
SDS-PAGE are shown in (A) and (B).
treatment (data not shown). From an mre11D extract, (Figure 1D). When Mre11-58 was precipitated with anti-
Mre11 serum from the mre11-58 extract, Rad50 was notnone of the three proteins was precipitated, while Xrs2
was precipitated from a rad50D extract, and Rad50 from precipitated as shown below (see Figure 6B). These
results indicate that Mre11-58 binds neither to Xrs2 noran xrs2D extract. These results indicate that Mre11 binds
to Rad50 and to Xrs2. Similar binding patterns were Rad50. Similar to the mitotic mre11-58 extract, neither
Rad50 nor Mre11-58 coprecipitated with Xrs2 from thefound in meiotic extracts (Figure 1A and data not shown).
Next, we examined precipitates with anti-Xrs2 GP se- meiotic extract (Figure 1E). In contrast, both Mre11 and
Rad50 (or Rad50S) coprecipitated with Xrs2 from therum from mitotic cells (Figure 1B). Mre11 was detected
in the precipitate from the wild-type and rad50D ex- meiotic extracts of rad50S cells (Alani et al., 1990) and
of sae2(com1)D cells, which are proficient in DSB forma-tracts, but not from xrs2D and mre11D extracts (center
panel). Although Rad50 was precipitated from the wild- tion but not in DSB processing (Figure 1E).
The following major conclusions can be drawn fromtype extract, it was not from the mre11D extract (right
panel). These results indicate that while Xrs2 binds to these results. (1) Mre11, Rad50, and Xrs2 form a com-
plex, in which Mre11 acts as the binding core. (2) TheMre11 in the absence of Rad50, it interacts with Rad50
only in the presence of Mre11. amount of the complex is not significantly different,
whether cells are in mitosis or in meiosis. (3) The mre11-We showed previously that mre11-58 mutant can form
DSBs but not process them (Tsubouchi and Ogawa, 58 mutation inhibits the complex formation by pre-
venting binding of the mutant Mre11 protein to Rad501998). Here, we examined whether Mre11-58 forms a
complex with Rad50 or Xrs2. When the mitotic extract and Xrs2. (4) Although Mre11, Rad50, and Xrs2 are re-
quired for DSB formation, they need not be held togetherfrom mre11-58 cells was treated with anti-Xrs2 serum,
neither Mre11-58 nor Rad50 was coprecipitated (Figure by Mre11. (5) Both rad50S and sae2(com1)D mutations
do not prevent the complex formation but inhibit func-1C). The absence of coprecipitation was not due to the
absence of the corresponding proteins in the extract tioning of the complex for DSB processing.
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Figure 2. Colocalization of Mre11 with Rad50S
or Xrs2
(A and B) Colocalization of Mre11 and
Rad50S or Xrs2. Meiotic nucleoids (7.5 hr)
of rad50S were double-immunostained with
anti-Mre11 and anti-Rad50 or anti-Xrs2 anti-
bodies. Bars, 5 mm.
(C±F) Double-immunostaining with anti-Mre11
and anti-Rad50 antisera of nucleoids pre-
pared from the indicated strains at 4 hr (C)
or 8 hr (D±F) after entering meiosis. Panels
marked with ªiº and ªiiº are images obtained
by counterstaining of the same region with
FITC-conjugated anti-GP IgG (specific for
anti-Mre11) and Texas red±conjugated anti-
rabbit IgG (specific for anti-Rad50 or anti-
Xrs2), respectively. Panels marked with ªiiiº
show the merged images of ªiº and ªii,º and
those marked with ªivº are images obtained
by DAPI staining in the same region shown
in ªiii.º Bars, 5 mm.
(G) Average number of Mre11 foci per nu-
cleoid during rad50S meiosis. Nucleoids pre-
pared from the meiotic rad50S cells at the
indicated times were stained by anti-Mre11
serum. The average number of Mre11 foci
per nucleoid was obtained from 100 randomly
selected nucleoids.
(H) Detection of DSBs at the HIS4-LEU2 locus
in rad50S meiosis. Chromosomal DNA was
prepared from the same meiotic culture used
in (G) at the indicated times and analyzed by
Southern hybridization.
Colocalization of Mre11 with Rad50S and Xrs2 The number of the foci detected on nucleoids of
rad50S cells at 8 hr in meiosis was on average 32 (Figureon Meiotic Chromosomes and Effects
of Various Mutations 2G). The number is significantly smaller than the number
of DSBs under comparable conditions, calculated toRecombination proteins are likely to be located on spe-
cific positions, such as recombination hot spots on the be about 200 per nucleus (Bishop, 1994; Baudat and
Nicolas, 1997). However, the number of foci must bechromosomes. We examined the mutual locations of
Mre11, Rad50, and Xrs2 in meiotic nuclei. The nuclei an overly underestimated value of the real number of
stained bodies, because some foci may be overlapping,(nucleoids) were prepared from the rad50S mutant cells
at 7.5 hr in meiosis, when DSBs accumulated at a maxi- some may be covered by chromosomes, and some may
escape the detection for various technical reasons.mum level (see below). They were primary stained with
both anti-Mre11 GP serum and anti-Rad50 rabbit serum Therefore, the actual number of the stained bodies may
be close to the number of DSBs in a nucleus. The timeor affinity-purified anti-Xrs2 rabbit IgG. Then the sam-
ples were counterstained with FITC-conjugated anti-GP course appearance of foci and that of meiotic DSBs
were examined using the same cultures of rad50S. TheIgG and Texas red±conjugated anti-rabbit IgG. Over
95% of Mre11 foci were colocalized with the Rad50S Mre11 foci began to appear 3 hr after entering meiosis
and accumulated with further incubation (Figure 2G).foci (Figure 2A) or the Xrs2 foci (Figure 2B).
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Figure 3. Complementation between mre11-5 and mre11-58 Mutations, and Complex Formation of Mre11-5 in Meiosis
(A) The induction of meiotic recombination in the indicated diploid strains was examined by a return-to-growth experiment. The surviving
fraction was obtained by dividing the numbers of colonies formed by plating on the complete medium after each incubation time by that at
0 hr. Recombinant fraction was obtained from the ratio of the number of HIS1 colonies to the total number of colonies at each time point.
(B) Detection of DSBs at the HIS4-LEU2 locus of the indicated diploid strains.
(C) Western blot analyses of anti-Xrs2 precipitates from extracts made from 2 3 109 cells of the indicated diploid strains at 2 hr in meiosis.
The Western probes applied are shown at the left side of each panel.
Similarly, meiotic DSBs became recognizable at 3 hr Colocalization of human Mre11 and human Rad50 or
Xrs2-related protein Nbs1 was shown in mitotic cellsand then accumulated with time until 8 hr in meiosis
(Figure 2H). Therefore, the time course of appearance irradiated with gamma rays (Maser et al., 1997; Carney
et al., 1998).of the foci and that of DSB formation were very similar.
In contrast to the formation of foci in rad50S mutant,
foci were not observed in nucleoids of the wild-type
cells (Figure 2C) or in those of rad51D and dmc1D mutant Two Different Functions of Mre11 in Meiosis
Mre11 participates in both formation and processing ofcells (Bishop et al., 1992; Shinohara et al., 1992) at vari-
ous times during meiosis (data not shown). In these DSBs in meiotic recombination. To know the functional
relation between these processes, we examined possi-cases, because DSBs were present only transiently, the
number of DSBs present at a particular time when the ble complementation between mutations that prevent
either DSB formation or DSB processing. However, be-samples were taken should have been very small. How-
ever, in rad51D rad50S double mutant, of which rad50S cause DSB formation is an obligatory process preceding
DSB processing, a mutation that prevents DSB forma-is epistatic, nonprocessed DSBs accumulated and foci
were observed (Figure 2D). Similarly, foci accumulated tion also inhibits DSB processing in the mutant. We
examined complementation between the following twoin the sae2(com1)D mutant after entering meiosis (data
not shown). In all these cases, Mre11, Rad50 (or Rad50S), mutations. One is the mre11-58 mutation, which pre-
vents DSB processing but has no effect on DSB forma-and Xrs2 formed the protein complex (Figure 1 and data
not shown). These results indicate that foci are observ- tion. The other mutant was isolated among strains that
were defective in meiotic recombination and MMS resis-able when the protein complexes are present and DSBs
accumulate. tant. The strain, named mre11-5, has a deletion of 136
amino acid residues from the C terminus by a nonsenseOn the other hand, no foci were observed in the
mre11-58 mutant, where the protein complex was not mutation (data not shown). The strain was severely de-
fective in meiotic recombination (Figure 3A) and in DSBmade, although DSBs were made (Figure 2E). Similarly,
no foci were formed in the mer2D rad50S double mutant, formation (Figure 3B). The resistance of this mutant to
MMS (Figure 6A) indicates that it can process DSBs forwhere DSBs were not made although the complexes
were formed (Figure 2F). Therefore, for foci formation, homologous recombination (see below). We made the
mre11-5/mre11-58 heterozygote and its properties inthe protein complexes have to be made, but mere pres-
ence of the complexes in the cell is not sufficient. meiotic recombination were examined. We found that
the heterozygote was recombination proficient (FigureWe conclude that the foci represent the protein com-
plexes, containing Mre11, Rad50, and Xrs2, firmly asso- 3A) and in the heterozygote, DSBs were formed and
processed (Figure 3B) and viable spores were made asciated with meiotic chromosomes carrying DSBs, prob-
ably at the DSB sites. efficiently as in the wild-type cells (data not shown).
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These results indicate that the mutations complemented in E. coli and purified to near homogeneity. Rad50 pro-
tein was purified from yeast cells as tagged protein atone another.
Nairz and Klein (1997) reported, using mutants that its amino-terminus with a tandem FLAG epitope and
a hexahistidine tag. Below, the subjunction indicatingthey isolated, complementation between mre11 mu-
tants that are defective for either DSB formation or DSB modification of a protein used for its purification, such
as GST, FLAG, or His6, is omitted where appropriate.processing, and they proposed complementation by for-
mation of a heterodimer. Formation of oligomers of When the purified Mre11 was incubated with M13mp8
circular viral ssDNA in the presence of Mn21, it wasMre11 had been shown by the two-hybrid assay (Joh-
zuka and Ogawa, 1995). However, because the mre11- converted to the linear form, and further incubation re-
sulted in extensive degradation of the substrate (Figure58 mutant can form DSBs and the mre11-5 mutant can
process DSBs, the presence of both mutant proteins in 4A), showing the presence of the ssDNA endonuclease
activity. The incubation of Mre11 with 59 32P-labeled 47-a cell should be sufficient to carry out recombination,
and formation of heterodimers has no advantage for nucleotide ssDNA showed the presence of a 39-to-59
ssDNA exonuclease activity (Figure 4B). The absencemutual complementation. We therefore conclude that
these two mutations in our mutants complement one of formation of labeled mononucleotide indicated that
Mre11 has no 59-to-39 ssDNA exonuclease activity. Next,another through functional contribution to the separate
steps in recombination. While the mre11-5 mutant that the presence of a dsDNA exonuclease activity was
tested using a ds-oligo-DNA labeled with 32P at the 59is completely defective in DSB formation is as resistant
to MMS as the wild-type cells, the mutant used by Nairz end of one of the strands. The 39 end of the labeled
strand was digested with Mre11 when the end of theand Klein (1997), which has a C-terminal deletion and
is defective in DSB formation, is sensitive to MMS. Be- strand was blunt or recessed, while it was not digested
when the end overhung by 4 nucleotides (Figure 4C andcause this mutant has two genetic defects, from their
results, one cannot decide the effect of the deletion on data not shown). These results show that Mre11 has a
39-to-59 dsDNA exonuclease activity that depends onDSB formation. The present work demonstrates that the
C-terminal region deleted in Mre11-5 is responsible for the structure of the DNA ends. Mre11 purified from yeast
cells showed essentially the same enzyme activities asDSB formation and that the MMS sensitivity of their
mutant is not caused by the loss of the function. that from E. coli cells (data not shown).
All three nuclease activities of Mre11-5 were indistin-In homozygotes, Mre11-5 formed the complex with
Rad50 and Xrs2, while Mre11-58 did not (Figure 3C). guishable from the wild-type protein, while no activity
was detected for Mre11-58 (Figures 4A and 4C), indicat-Then we examined whether Mre11-58 was coprecipi-
tated with the complex containing Mre11-5 with anti- ing that the phosphoesterase motif needs to be intact
for the activity, but the C-terminal region of Mre11 canXrs2 serum. Because the two mutant proteins have dis-
tinct sizes, the kinds of proteins in the precipitate can be deleted. Mre11-6 also showed no ability in this assay,
although it has the intact phosphoesterase consensusbe determined. In the precipitate from the extract of the
heterozygote, a small amount (about 5% of Mre11-5) of region.
Recently, the presence of an ssDNA endonucleaseMre11-58 was precipitated with Xrs2. Because, in the
absence of Mre11-5, Mre11-58 was not precipitated with and a 39-to-59 dsDNA exonuclease activities for human
Mre11 was reported (Paul and Gellert, 1998).Xrs2 (Figure 3C), this result suggests some binding of
Mre11-58 with the complex containing Mre11-5. Even if
this result is taken to mean interaction between Mre11-5
Functional Regions of Mre11 Proteinand Mre11-58 molecules, we do not need to attribute
To find the regions of Mre11 that are responsible forthe complementation of two mutations by formation of
different functions of the protein, we divided the proteinheterodimers, because Mre11-58 and Mre11-5 can work
based on the homology barriers present among variousindependently for DSB formation and for DSB pro-
MRE11 homologs. The S1, S2, and S3 segments thuscessing, respectively.
divided are residues 1 to 292, residues 293 to 512, and
residues 513 to 692, respectively (see Figure 7A).
Segments that Bind to DNANuclease Activities of Mre11
Because MRE11 is involved in the processing of the The result of the gel-mobility shift assay showed that
S2 and S3 bound to both M13 viral ssDNA and pUCDSB ends and the protein has a consensus amino acid
sequence for cleavage of phosphoester bonds, we ex- linear dsDNA, while S1 bound neither one of the DNAs
(Figure 5A).amined nuclease activities of wild-type and mutant
Mre11 proteins. In addition to mre11-58 and mre11-5 To determine the site in the S3 segment that binds to
DNA, we made several overlapping DNA fragments ofdescribed above, we used another mutant, mre11-6,
whose protein carries an 11±amino acid deletion (from the segment fused to GST. We found that only subseg-
ments that contain the C-terminal 50±amino acid se-410 to 420). The strain is defective in DSB processing
as mre11-58 (data not shown) and partially sensitive to quence from residues 643 to 692, were able to bind to
DNA and the region was named the DNA-binding siteMMS (see Figure 6A). The rationale for the isolation of
the mutant is described below. B. Because Mre11-5, in which this subsegment was
deleted, is proficient for processing of the DSB endsTo prepare the wild-type and mutant proteins, each
gene was subcloned into the region between the gluta- (Figure 4C), the DNA-binding site B is not required for
the processing.thione S-transferase gene (GST) and the hexahistidine
sequence (His6). The fused proteins were overexpressed The subsegment in the S2 that bound to DNA was
Cell
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Figure 4. Various Nuclease Activities of Wild-
Type and Mutant Proteins
(A) ssDNA endonuclease activity of 0.4 pmol
of wild-type and mutant GST-Mre11 was
measured in the presence of 5 mM Mn21. The
conversion of circular M13mp8 viral ssDNA
molecules to the linear molecules and their
further degradation were examined. The
products were analyzed by a 0.8% agarose
gel electrophoresis.
(B) ssDNA exonuclease activity of the Mre11
protein was measured using 59 32P-labeled 47
nucleotide ssDNA (D1) and analyzed by 10%
polyacrylamide/7 M urea gel electrophoresis.
(C) dsDNA exonuclease activities of Mre11
mutant proteins were measured using 59 32P-
labeled 47 base pairs dsDNA (D1/D2) whose
both ends are blunt.
similarly examined. Only the 15±amino acid segment Regions Responsible for Nuclease Activities
(from residues 407±421) fused to GST bound to both The fusion protein S1±2, carrying both S1 and S2, has
ssDNA and dsDNA (data not shown). The 15±amino acid the same activities for ssDNA endonuclease as the full-
segment is therefore designated the DNA-binding site length Mre11, while no activity was detected for each
A. The segment contains a sequence of 11 amino acid segment, S1, S2, S3, or S2±3 (Figure 5C). Similar conclu-
residues (KKRSPVTRSKK: from residues 410 to 420) sions were obtained for 39-to-59 ssDNA exonuclease and
that is particularly rich in basic amino acid residues. 39-to-59 dsDNA exonuclease activities (data not shown).
Considering that the 11±amino acid sequence may be The amino acid change in the mre11-58 mutant that is
sufficient for DNA binding, its in vivo role was examined responsible for elimination of the nuclease activities is
by making a mutant that deleted the region encoding in the phosphoesterase consensus sequence in seg-
the 11±amino acid sequence. This mutant is mre11-6. ment S1. The segment S2 may be necessary for the
We examined cleavage of chromosome III at hot spots S1±2 protein to bind to DNA.
in the HIS4-LEU2 region during 10 hr after entering meio- Binding of the C-Terminal Region of Mre11
sis. In this mutant, the cleaved products were found at to Meiosis-Specific Proteins
3 hr of incubation and accumulated by further incubation The C-terminal region is required for formation of meiotic
(data not shown) as observed for the mre11-58 mutant DSBs, but not for repair of MMS-induced damage. Con-
(Tsubouchi and Ogawa, 1998). Therefore, the mre11-6 sidering the possibility that this region may bind to meio-
mutant is proficient for DSB formation, but is defective sis-specific proteins, a lysate made from meiotic cells
in DSB processing. or from mitotic cells was applied on glutathione Sepha-
While Mre11-6 is defective in DSB processing, it has rose 4B to which S3 was bound, and then the proteins
a native phosphoesterase consensus motif and the abil- retained on the resin were eluted and analyzed by SDS-
ity to bind to DNA at the binding site B and also to bind PAGE (Figure 5D). Three proteins, 40 kDa, 24 kDa, and
to Rad50 (see below). Therefore, the cause of the defect 22 kDa, from the meiotic cell extract were found to bind
is likely to be the absence of the DNA binding at site A, to S3 but not to GST alone. No such proteins were
suggesting that DNA binding at site A is required for found in the mitotic cell extract. The estimated molecular
DSB processing. On the other hand, DNA binding at site masses for two smaller proteins coincide with proteins
B is likely to be involved in DSB formation because both specified by REC102 and REC104 genes with roles in
mre11-6 that does not have site A and mre11-58 that meiotic recombination (Bhargava et al., 1992; Bullard et
does not bind to Rad50 are proficient for DSB formation. al., 1996), although additional experiments are neces-
Segments that Bind to Rad50 sary for their identification.
The S1 and S2 segments bound to Rad50 with similar
efficiency, but S3 did not (Figure 5B), showing that
Mre11 in Repair of MMS-Induced DamageMre11 has two binding sites for the Rad50. Because
Mre11 has been known to participate in repair of MMS-Rad50 has an ATP-dependent DNA-binding activity
induced DNA damage. To characterize the repair reac-(Raymond and Kleckner, 1993), these segments could
participate in binding of Mre11 to DNA, via Rad50. tions that are mediated by Mre11 protein, we examined
Yeast Mre11 Protein
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Figure 5. Analyses of Functional Regions of
Mre11
(A) Binding of S1, S2, or S3 protein to ssDNA
and dsDNA. ssDNA (M13mp18) or dsDNA
(pUC19 linear DNA) at a fixed concentration
(0.04 pmol) was mixed with 0.4 pmol of S1,
S2, or S3 protein and then the binding was
analyzed by a gel-shift assay as described in
Experimental Procedures.
(B) Binding of Rad50 to various segments.
The GST-fused segment retained on the resin
that bound FLAG-His6-Rad50 was analyzed
by immunoblot using anti-FLAG monoclonal
antibody.
(C) The ssDNA endonuclease activity of vari-
ous segments. ssDNA endonuclease activity
of each GST-fused segment was measured
as described in Figure 4A. The reactions were
carried out for 5 min.
(D) Binding of meiosis-specific proteins to S3.
Proteins in lysates of mitotic or meiotic cells
that bind to S3 or GST are analyzed by SDS-
PAGE with silver staining. Arrows indicate
meiosis-specific proteins that bound to GST-
S3 protein. Their molecular masses are mea-
sured to be 40 kDa, 24 kDa, and 22 kDa, re-
spectively.
the MMS sensitivity of the wild-type and various mre11 The presence of nuclease-independent function of
Mre11 was demonstrated by in vitro recircularization ofmutants. As shown in Figure 6A, the mre11-58 mutant
was almost as sensitive as the mre11D mutant, and the blunt-ended linear plasmid DNA by purified Mre11 and
T4 DNA ligase. Even in the presence of T4 DNA ligasemre11-5 mutant was as resistant as the wild-type cells.
The sensitivity of the mre11-6 mutant was somewhere whose concentration was low enough not to allow de-
tectable recircularization, 2% of the input DNA was cir-between them. The mutants rad50S and sae2(com1)D
showed the sensitivity similar to the mre11-6 mutant cularized when wild-type Mre11 was also present. Mre11-
58 was as active as wild-type protein. Rad50 increased(data not shown).
The MMS resistance of the mre11-5 mutant shows 10 times the efficiency of the wild-type Mre11 reaction
but not of the Mre11-58 reaction. Mre11 may have anthat the function of Mre11 that is involved in formation
of meiotic DSBs is dispensable for repair of MMS dam- ability to bring the ends together or to stabilize the struc-
ture favorable for ligation.age. The mechanism that is retained in the mre11-5
mutant but is lost by the mre11-58 mutant is the function Various properties of mutant strains and their proteins
revealed by the experiments described above are sum-to process DSBs by the protein complex that depends
on the Mre11 nuclease activities, as further discussed marized in Figure 7.
below.
While the mre11-58 mutant was fully sensitive to MMS, Discussion
mre11-6, rad50S, and sae2(com1)D mutants showed
similar intermediate sensitivity. All these mutants can Meiotic recombination in yeast contains two temporally
coupled reactions, formation of DSBs and their pro-form DSBs, but cannot process them. The MMS sensitiv-
ity of these mutants is likely to be the loss of the ability cessing. The processing is carried out by a protein com-
plex including Mre11, Rad50, and Xrs2, in which Mre11to process DSB ends. However, mre11-6, rad50S, and
sae2(com1)D mutants are partially resistant. The partial acts as the binding core. These proteins participate in
formation of DSB by forming a different type of complexresistance indicates the presence of a repair mechanism
that is independent of the ability to process DSB ends. for which Mre11 does not need to act as the binding
core. These three proteins also participate in repair ofExcept for the mre11-58 mutant, all other mutants can
form the protein complexes (Figures 1C and 6B). The MMS-induced DNA damage by reactions that require
the nuclease reactions and that do not. The functionalability to form the protein complex is likely to cause the
difference in the MMS sensitivity and to be responsible versatility of the Mre11 complexes can be attributed
to the functions specified by particular domains of thefor the nuclease-independent mechanism.
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Mre11, Rad50, and Xrs2, they have distinct roles. For
DSB processing, Mre11 binds to DNA at site A and for
DSB formation at site B. They may carry out different
reactions by binding to DNA in different manners and
by working together with different proteins (Figure 8).
Transition from Formation to Processing of DSBs
Mre11 is involved in meiotic recombination from its be-
ginning. It was found that chromatin structure around
the recombination hot spots changes in meiosis prior
to DSB formation (Ohta et al., 1998). Although this
structural change of the chromatin needs neither Rad50
nor Xrs2, these and other proteins could be assembled
around DNA-bound Mre11 for subsequent reactions,
forming the pre-DSB complex. Spo11 that probably
catalyzes breakage of DNA double strands may be a
component of the complex or work separately to com-
plete the sequence of reactions performed by other pro-
teins. The participation of the Mre11 nuclease activities
in DSB formation can be excluded because the mre11-
58 and mre11-6 mutants that do not have the activities
can form DSBs.
The complex whose components are not held to-
gether by the Mre11 due to the mre11-58 mutation can
carry out DSB formation. However, in the wild-type cells,
the complex whose components are held together by
Mre11 could participate also in DSB formation, provided
that the complex can form a structure that permits nec-
essary functions, including binding to DNA in a specific
manner and to meiotic proteins at specific positions.Figure 6. Sensitivities to MMS of Various mre11 Mutant Strains and
Because DSB formation is followed rapidly by DSB pro-Coimmunoprecipitation of Rad50 from Various Extracts
cessing in the wild-type cells, it is possible that pre-(A) The wild-type and various mre11 mutant cells (as indicated) were
DSB complex is converted to the post-DSB complex byplated with appropriate dilution onto YPD plates containing various
concentrations of MMS. After incubation at 308C for 4 days, the structural changes that include alteration of the mode
colonies were counted. of binding to DNA and of protein components. Altera-
(B) Western blot analyses of anti-Mre11 precipitates from the indi- tion of the binding mode to DNA could induce the transi-
cated cell extracts. The probes applied are shown at the right side
tion of the functional structure of the complex for DSBof each panel.
formation to that for DSB processing (Figure 8). How-
ever, the post-DSB complex can be made without prior
formation of the pre-DSB complex, as seen in formationprotein and the structures and compositions of com-
of the post-DSB complex with Mre11-5 in the heterozy-plexes formed with other proteins.
gote after DSB formation by Mre11-58.
Protein Complexes for DSB Formation
and DSB Processing Processing of DSB Ends
The necessity of nucleolytic reaction(s) in processing ofMost Mre11, Rad50, and Xrs2 molecules in wild-type
yeast cells form the complexes held together by Mre11. DSB ends and the possession of nuclease activities by
Mre11 have led us to consider that the Mre11 nuclease(s)However, the mre11-58 mutation that prevents forma-
tion of such complexes permitted the DSB formation. is directly involved in the processing. In fact, both
Mre11-58 and Mre11-6 that have no nuclease activitiesFormation of a protein complex for the DSB formation
is suggested by the results that some meiosis-specific are defective in processing of DSB ends. Therefore,
we conclude that one or more of the Mre11 nucleaseproteins bind to the C-terminal region of Mre11 that
is specifically required for DSB formation. This protein activities, ssDNA endonuclease, ssDNA exonuclease,
and dsDNA exonuclease activities, are likely to be in-complex containing Mre11 is named pre-DSB complex.
After the DSB formation, Mre11, Rad50, and Xrs2 stay volved in processing of DSB ends.
Analysis of DNA cleaved at recombination hot spotson the chromosomes forming foci. Because formation
of foci is not required for DSB formation and mere pres- in meiosis showed formation of 39 overhangs of various
lengths (Sun et al., 1991; Bishop et al., 1992). Further-ence of the protein complex held by Mre11 does not
give foci, the foci-forming complex is probably the appa- more, the genetic analysis of polarity of mismatch repair
of recombination products suggests preferential trans-ratus for the subsequent reaction, namely for the pro-
cessing of DSBs. The complex for the DSB processing fer of the 39-overhanging strands (Lichten et al., 1990;
Detloff et al., 1992). To create the 39-overhanging struc-that is staying on the chromosome is named post-DSB
complex. ture, the strand to which Spo11 is attaching at the 59
end has to be resected. We speculate that the bindingAlthough both pre- and post-DSB complexes contain
Yeast Mre11 Protein
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Figure 7. Summaries of Functional Regions of Mre11 and of Relevant Properties of Its Mutant Strains and Their Proteins
(A) Functional regions of Mre11 and the structures of mutant proteins. Numbers indicate the positions of amino acid in the Mre11 protein. 3
in the map of mre11-58 indicates the mutation site.
(B) Relevant properties of various mutant strains and their proteins. DSB and Proc. indicate DSB formation and its processing, respectively.
ªaº indicates that the mre11-5 mutant did not show DSB formation, but it has the potential to process the ends. Nucleases indicate all three
Mre11 nuclease activities. Rad50 binding represents the binding of Mre11 to Rad50 measured by both in vivo and in vitro experiments. ªbº
indicates, in the heterozygote, Mre11-5 binds to Rad50. Foci Formation refers to Figure 2. ªRº or ªSº in MMS Resistancy represents the same
sensitivity to wild type or the null mutant, respectively. R/S indicates the partial resistance. Blank indicates not determined.
of Spo11 would create a single-stranded DNA region in DSB formation can carry out damage repair, the pro-
cessing of DSB in damage repair and that in meioticnear the protein that could be cleaved by the ssDNA
endonuclease activity of Mre11 in the post-DSB com- recombination likely share a common mechanism. The
suppression of both processes by the mre11-58 orplex (Figure 8). This cleavage would create the 39-over-
hanging structure and simultaneously eliminate Spo11. mre11-6 mutation suggests that the common mecha-
nism involves processing of DSB ends by the nucleaseThe single-stranded region at the 39 end may be ex-
panded by unwinding from the end of DNA and subse- activities. In meiotic recombination, the foci-forming com-
plexes probably participate in DSB processing. For re-quent cleavage of the exposed 59-ended strand by Mre11
ssDNA endonuclease or by some other enzymes. This pair of gamma-ray-induced DNA damage, similar pro-
tein complexes appear to participate, suggesting thewould create enough space where proteins for the
strand transfer and pairing are assembled. presence of similar mechanisms involving a protein
complex held by Mre11 in damage repair and in meioticAlthough the results described above suggest the
presence of active strands with 39 overhangs, they do recombination.
In addition to recombination of two homologous DNA,not exclude possible formation of active 59 overhangs.
In addition, various types of different DNA ends may be Mre11 also participates in joining of molecular ends of
little or no homology, known as end-joining reactionscreated by DNA damaging agents or nucleases and may
need to be processed accordingly. If 59-overhanging (for a review, see Tsukamoto and Ikeda, 1998). The mo-
lecular ends formed by an HO endonuclease±inducedends would also be active, they could be made by diges-
tion with the 39-to-59 dsDNA exonuclease or by cleavage DSB can be joined by the reactions that depend on
MRE11, RAD50 and XRS2 but not on RAD51 and RAD52with ssDNA endonuclease activity or by 39-to-59 ssDNA
exonuclease after unwinding of the ends. (Moore and Haber, 1996). Formation of deletions on
a dicentric plasmid depends on MRE11, RAD50, andBecause various types of ends would need to be pro-
cessed, having three nuclease activities in one molecule XRS2 but not on RAD52 (Tsukamoto et al., 1997). Rad50-
dependent end-joining reaction that was identified be-should be an effective way to reduce the metabolic
burden on cells by eliminating the requirement to form fore knowledge of potential roles of Mre11, such as one
reported by Schiestl et al. (1994), may be an Mre11-different enzymes or complexes to process different
ends. dependent reaction. The difference of the MMS sensitiv-
ity of the mre11-6 and mre11-58 mutants can be ex-
plained by these types of end-joining reactions, whichMre11 in DNA Damage Repair
The analyses of the MMS sensitivity of mre11 mutants are dependent of formation of the protein complex held
by Mre11.show that there are two types of repair reactions that
depend on Mre11 functions: one involves the nuclease
activities and the other does not. Repair that depends Experimental Procedures
on Mre11 and other gene products that are involved in
Yeast Strains and Mediameiotic recombination has been reported (for review,
The following strains were previously described: NKY274 (wild-typesee Shinohara and Ogawa, 1995), suggesting the pres-
haploid), NKY278 (wild-type diploid), and NKY1002 (rad50S diploid)
ence of some common mechanisms in damage repair in Alani et al. (1990); NKY2641 (sae2D diploid) in McKee and Kleckner
and meiotic recombination. Because the mre11-5 mu- (1997); HH-3c (mre11D haploid) and SKY16 (rad50D haploid) in Joh-
zuka and Ogawa (1995); HTY463 (ho::LYS2 lys2 ura3 his4X::LEU2tant that is proficient for DSB processing but defective
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of Mre11, and the other contains the DNA sequence that corre-
sponds to positions 421 to 692 residues. These fragments were
amplified from the genomic DNA by PCR. Then, the full-length of
MRE11-6 gene was amplified by PCR using the two DNA fragments
thus obtained as templates.
To construct a plasmid that overexpresses the RAD50 gene in
yeast, two primers were made; one primer contains sequences that
correspond to EcoRI site, FLAG peptide, the hexahistidine, and 18
bases of the N-terminal region of RAD50 including the initiation
codon, the other contains 18 bases of the C-terminal region includ-
ing the stop codon of the gene and an XhoI site. RAD50 gene was
amplified from the genomic DNA of NKY274 by PCR using these
two primers. Then the fragment was inserted into the region between
EcoRI and XhoI sites of the constitutive expression vector pKT10
of yeast (Tanaka et al., 1990) to obtain a plasmid pKT10-FLAG-His6-
Rad50. DNA sequencing revealed that all PCR fragments had no
additional mutation. Genetic analyses showed that fusion genes
had full functions in vivo.
DSB Detection and Return-to-Growth Experiment
Detection of meiotic DSBs in the HIS4-LEU2 region and the return-
to-growth experiment were performed essentially as described (Cao
et al., 1990; Shinohara et al., 1992).
Preparation of Antibodies
Anti-Mre11 guinea pig (GP) serum, and anti-Xrs2 rabbit and anti-
Xrs2 GP sera were prepared by Akagi Trading Co. (Kobe, Japan).
Anti-Xrs2 rabbit IgG was affinity purified using Hi-Trap affinity col-
umn (Pharmacia Biotech). Anti-Rad50 polyclonal rabbit serum (Ray-
mond and Kleckner, 1993) was obtained from N. Kleckner.
Nucleoid Spreading and Immunostaining
Nucleoid spreading and immunostaining were carried out as de-
scribed (Bishop, 1994). For the double immunostaining of Mre11
and Rad50 or Xrs2, nucleoids on slides were first treated with aFigure 8. A Model for Formation and Processing of Meiotic DSB
mixture of anti-Mre11 GP serum and anti-Rad50 rabbit serum or
A DSB is made by several yeast proteins, some may form pre-DSB affinity-purified anti-Xrs2 rabbit IgG and then stained with a mixture
complex in which Mre11 binds to DNA at site B. Spo11 is probably of FITC-conjugated anti-GP IgG and Texas red±conjugated anti-
responsible for DSB formation. When the post-DSB complex is rabbit IgG.
formed, Mre11 binds to DNA at site A. The Mre11 ssDNA endonucle- Anti-Mre11 GP serum, affinity-purified anti-Xrs2 rabbit IgG, and
ase cleaves the single-stranded region and creates 39-overhanging anti-Rad50 rabbit serum were used at a 1/200 dilution. Fluoro-
strand and simultaneously eliminating Spo11. The single-stranded chrome-labeled anti-GP IgG (Jackson ImmunoResearch Labora-
tail of the molecule may be expanded by further unwinding and tories, Inc.) and anti-Rabbit Donkey IgG (Amersham) that showed
resection of the 59-ended strand. The proteins for strand transfer strict species specificity were used at a 1/100 dilution. Observation
and pairing are assembled on the 39-overhanging strand. by immunofluorescence microscopy and image processing were
carried out as described (Terasawa et al., 1995).
arg4-nsp), HTY691 (HTY463 but mre11-58), HTY525 (wild-type dip-
Immunoprecipitationloid having the HIS4-LEU2 locus), HTY603 (HTY525 but rad50S),
Yeast cells 1±2 3 109 per sample were suspended in 300 ml of theHTY703 (HTY525 but mre11-58), and OSY53 (mre11::URA3) in Tsu-
lysis buffer (50 mM Tris-acetate [pH 7.9], 500 mM Na-acetate, 10bouchi and Ogawa (1998). TAK29 (NKY1002 but rad51::hisG-URA3-
mM EDTA, 1% NP-40, 1 mM DTT) containing protease inhibitorhisG), TAK32 (NKY1002 but mer2::hisG-URA3-hisG), HTY481 (HTY463
cocktail (1 mM phenylmethylsulfonyl fluoride [PMSF], 2 mg/ml Apro-but xrs2::hisG-URA3-hisG), OSY138 (HTY525 but trp1/trp1 mre11-5/
tinin, 2 mg/ml Leupeptin, 50 mg/ml TLCK, 100 mg/ml TPCK) andmre11-5), TAK224 (OSY138 but mre11-5/MRE11), TAK225 (OSY138
lysed by the glass bead disruption method. After centrifugation atbut mre11-5/mre11-58), OSY176 (OSY53 but mre11-5), and OSY254
12,000 3 g for 10 min, 7.5 ml of anti-Mre11 GP serum or 10 ml of(OSY53 but mre11-6::hisG-URA3-hisG TRP1) were constructed in
anti-Xrs2 GP serum preincubated with 15 ml of 10% (w/v) protein Athis study. Yeast media were described in Shinohara et al. (1992).
Sepharose (Pharmacia Biotech) was mixed with the supernatant at
48C for 1 hr. The immunoprecipitates collected by centrifugation atPlasmids Used for Preparation of Proteins
3000 3 g for 1 min were washed with 600 ml of the lysis buffer fourTo construct a plasmid that allows overexpression of the MRE11
times, fractionated on 7% SDS-PAGE and analyzed by Westerngenes, two primers were made: one primer contains the sequence
blotting using the ProtBlot Western Blot AP System (Promega).of the N-terminal region of MRE11 gene including the ATG codon
For Western blotting, anti-Mre11 GP serum, affinity-purified anti-in an NdeI site, and the other primer contains the sequence of the
Xrs2 rabbit IgG, anti-Xrs2 GP serum, and anti-Rad50 rabbit serumC-terminal region of the absence of the stop codon and a BamHI
were used at a 1/1000 dilution. Alkaline phosphatase±conjugatedsite. Each MRE11, MRE11-58, or MRE11-5 gene was amplified from
anti-GP (Chemicon International Inc.) and anti-rabbit (Promega) IgGsthe genomic DNA of each strain by PCR using these two primers.
were employed following the manufacturers' instruction.The fragments thus obtained were digested with NdeI and BamHI
and each fragment was subcloned into the region between NdeI and
BamHI sites of a pGEX-2T-His6-tag vector (Promega) to generate Preparation of Substrates for Nuclease
Oligonucleotides D1 (59-CACGCTACCGAATTCTGACTTGCTAGGAa plasmid that can overexpress GST-His6-MRE11 gene under the
control of the lac promoter of E. coli. CATCTTTGCC CACGTTGAC-39) and D2 (59-GTCAACGTGGGCAAA
GATGTCCTAGCAAGTCAGAATT CGGTAGCGTG-39) were purchasedFor construction of the MRE11-6 gene, two DNA fragments were
first made. One of them contains the DNA sequence that corre- from Amarsham. The 59 ends of D1 (3 pmol) were labeled with 32P
by T4 polynucleotide kinase. The 32P-labeled D1 DNA was annealedsponds to positions 1 to 409 and from 421 to 424 amino acid residues
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with 10 pmol of D2 in 12.5 ml of TE buffer containing 50 mM NaCl. DNA Binding Assay
The reaction mixture (20 ml) containing 0.04 pmol M13mp8 viralThe dsDNAs formed were purified by 10% polyacrylamide gel elec-
trophoresis. ssDNA or 0.04 pmol linear pUC19 DNA in 20 mM Tris-acetate (pH
7.9), 5 mM Mg acetate, 75 mM Na-acetate, 0.1 mM DTT, 2% (v/
v) polyvinyl alcohol, 20% (v/v) glycerol, and 200 mg/ml BSA wasPurification of Mre11 and Rad50 Proteins
incubated at 308C for 30 min and analyzed by a 0.8% agarose gelBL21 (DE3) cells (4 g) harboring a plasmid carrying various GST-
electrophoresis and stained with ethidium bromide.fused MRE11 gene were collected and suspended in 40 ml of buffer
A (50 mM Tris-acetate [pH 7.9], 10% [v/v] glycerol, 2 mM 2-melcap-
toethanol, and 0.1% NP-40) with 0.6 M Na-acetate. The suspension Binding of Proteins to the C Terminal of Mre11
was sonicated in the presence of 0.1 mM PMSF. After centrifugation For preparation of mitotic diploid cells, NKY278 was grown in 1 l of
at 7000 3 g for 30 min, the GST-fused protein in the supernatant YPD to OD600 of 1.5. For the meiotic cells, the cells in 1 l of the
was precipitated by addition of 0.5 ml of glutatione Sepharose 4B culture were harvested at 4 hr in meiosis and the lysates were made
beads. The protein-bound beads were washed with buffer A con- as described above. Then the lysates were treated with DNase I (100
taining 0.15 M Na-acetate and eluted with 2 ml of buffer A containing units). The purified GST-S3 protein (1 nmol) and GST-His6 protein (1
0.6 M Na-acetate and 10 mM reduced glutatione. The supernatant nmol), as a control, were bound to glutatione Sepharose 4B resin
was mixed with 0.2 ml of Ni-NTA agarose beads. The beads were in 250 ml reaction mixture at 48C for 1 hr. Then the resins were
washed with buffer A containing 0.6 M Na-acetate and 20 mM imid- incubated at 48C for 4 hr with 1 ml of lysate prepared from mitotic
azole, and then the protein was eluted with 0.8 ml of buffer A con- or meiotic cells at the protein concentration of 20 mg/ml in buffer
taining 0.6 M Na-acetate and 200 mM imidazole. The supernatant A containing 0.15 M Na-acetate. After the incubation, the resin was
was dialyzed against 3 changes of 300 ml of dialyzed buffer (buffer washed 5 times with the buffer A containing 0.15 M Na-acetate.
A containing 0.1 M Na-acetate and 0.1 mM EDTA) for 3 hr each at Then, proteins retained on the resin were eluted with 500 ml of the
48C. The dialysate was mixed with 0.1 ml of dsDNA cellulose resin. buffer A containing 0.6 M Na-acetate. Eluted proteins were analyzed
The resin was washed with the dialyzed buffer and eluted with 0.4 by SDS-PAGE and visualized by a silver staining.
ml of buffer A containing 0.6 M Na-acetate. The sample was dialyzed
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